This work presents the results of field measurements and laboratory studies carried out with a view to developing ways to monitor rail-wheel interaction using Acoustic Emission. It is known that impact, wear and cracking generate AE and it is therefore expected that axle loads, wheel out-of-roundness, speed and traction will influence the AE generated by an interaction. It is hoped that the extent of the effect might be sufficient to permit a measure of "interaction intensity" that could be used to quantify cumulative damage by wear and contact fatigue.
Introduction
The Hatfield train disaster HSE (2001) report made various recommendations about improving rail monitoring and maintenance including the development of new, automated techniques which would reduce the need for human intervention in the monitoring process. Rolling contact fatigue, and consequent gauge corner cracking is a significant cause for concern for rail operating companies, particularly in areas with highly canted curves and much point and crossing work, although the exact mechanism of rail failures due to RCF/GCC is yet to be fully understood. According to Miller (2003) , the main applied factors affecting rail/wheel contact are; wheel axle load, traction force between rail and track (related to wet and dry friction), rail/wheel contact width, and the inclination and length of any cracks Ringsberg and Josefson (2001) developed an FE technique for the analysis of RCF initiation in railheads using a damage accumulation rule relating to the contact stress. They found that the contact load distributions and variable amplitude loads had a great influence on the fatigue life. Thus, an AE technique that is sensitive to the interaction intensity could, in principle, be used for integrity monitoring of rails.
Various studies have shown that AE parameters such as event rate, energy and frequency content can be used to study sliding contact and wear, for example Meittinen and Siekkinen (1995) working on sliding contact in mechanical face seals and Douglas et al. (2005) on piston ring/cylinder liner interaction in diesel engines. Rolling contact has also been studied using AE by Neill et al. (1998) working on bearings who detected clear race defect indications and by Bruzelius and Mba (2004) working with rolling contact between two steel wheels where relatively low contact loads between untreated surfaces caused significant wear and AE.
It can therefore be seen that AE has the potential to indicate the relevant processes occurring in rail/wheel interaction, but that systematic work is required to establish how to interpret the signals in a way that useful conclusion can be drawn on structural integrity. In this work the results of preliminary field tests and the development/testing of a laboratory rig for investigating AE and rail/wheel interaction are presented, and the results are compared with a simple analytical model.
Experimental Set Up
Preliminary field testing. A set of field measurements were carried out 1 on a real rail with passing trains and Fig. 1 shows the site and the equipment set up for one of the tests. A PAC micro 80D sensor and preamplifier type PAC 1220A were used with a Physical Acoustics PCI2 signal processing board to acquire data streamed at 2MHz for 20 seconds, while a train including a traction unit and four carriages passed. The sensor was attached to the base of the rail using a magnetic clamp with vacuum grease in a layout as shown in Fig. 1 b) . A light gate was used to provide a timing signal and enabled estimates of the actual speed of the trains, which varied between 9 and 13 m/s. Laboratory testing. A test rig, shown in Fig. 2 included a rail made from ¼″×2″ mild steel bar rolled into a circle of circumference 5.4m leaving a 3mm gap at the joint. A wheel of diameter 90mm was mounted on a carriage and a supporting arm of weight 4.2kg attached it to a motor capable of rotating the arm at a continuously variable speed of up to 5m/s. AE measurements were acquired with the wheel rolling around the test rig at a speed of 2m/s in a clockwise direction. One sensor, S 1 , was positioned 0.1m before the joint and was used as a trigger as the wheel crossed the joint, with a second sensor being positioned 2m from the joint. Data was acquired at 2.5 MHz, for 5 million points corresponding to 2s recording time in which the wheel moves 4m, almost completing a full revolution of the test rig. 
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Acoustic Emission Testing collect 4 channels of raw AE data at 5MHz for 10000 samples. After cleaning the surface, the sensors were fixed using vacuum grease couplant and magnetic clamps. For the laboratory tests, S 1 was kept in position, 2.7m from the joint, throughout the tests and the remaining three sensors were mounted 0.27m apart and moved in tandem three times so that the tenth sensor position was 2.4m away from sensor S 1, and 0.26 m away from the joint. For the real rail, two sensors were used with sensor S 1 kept in position while sensor S 2 was moved in steps of 0.25m. Pencil lead break tests were repeated 3 times for each array and the process was repeated 3 times.
Simple Analytical Model. In order to give a framework for analysis of the results of the wheel rolling experiments a simple model for AE propagation from rail/wheel interaction has been developed. This is a very complex problem with multiple sources, each of which depends on vehicle speed, axle load, and rail and wheel condition, as well as propagation paths for each of the sources which may themselves be dispersive. Here the problem is simplified by assuming that each rail wheel interaction produces continuous AE of fixed amplitude, A 0 , that the vehicle speed and dominant AE wave speed and attenuation characteristics are known and that the AE amplitudes at the sensor can be added linearly for the number of sources (wheels) involved. It is assumed that the AE amplitude for a given source decays exponentially with source-sensor distance, so that the total amplitude A t (t) can be calculated at any sensor position relative to the vehicle from,
where n is the number of wheels of known position relative to a vehicle reference point, k is the wave attenuation factor and x n (t) is the distance from wheel n to the sensor at time t. The calculation can be carried out with a set of initial conditions, where the distances, x n , of each wheel from the sensor at t = 0 is known, the velocity of the train V is constant so that the new position of the wheels can be calculated at each increment of time. The AE wave speeds are around 3000m/s so that, in the cases considered here, the waves propagate from the wheels to the sensor in less than 0.01 seconds. The time is incremented in steps of ∆t=0.01s, adjusting the position of each wheel ∆x n =V.∆t and using Equation 1 to re-calculate the total AE amplitude at the sensor for that instant. The resulting calculation therefore gives an indication of the envelope of the AE amplitude measured by a sensor that can be compared with a measured RMS AE signal.
Results and Discussion
Wave propagation characteristics. A set of measurements were carried out on the laboratory test rig and on a real rail using a simulated source (pencil lead break) so that the characteristics of the wave propagating could be calculated. seconds, indicated by an arrow, and the waves propagate to the other sensors with arrival time increasing with distance. In all these simulated source tests two components are observed one with a lower amplitude and higher speed, although it is equally evident that there is dispersion. The results presented here concentrate on the high amplitude component. , where E o is the source energy, and the attenuation coefficient was calculated using the equation ( (Niversrangsan et al., 2005) . For the laboratory test rig, even though the high amplitude wave is dominant, there are strong reflections from the joint to the extent that, at sensor position S 10 , only the first 850 points after wave arrival could be used. Therefore a threshold value of 0.16V was chosen and the first 850 points (34µs) after wave arrival at each sensor were used to calculate the wave energy, E. Fig. 5 a) shows the measured AE energy ratio ln(E o /E), against source-sensor distance for sensors S 2 to S 9 and the best-fit line gives an attenuation coefficient k=0.57 with a correlation coefficient of 0.9. Wave attenuation was also investigated for the 'real' rail involved in the field tests, where reflections were not important, and seven sensor positions, S 2 to S 7 , were used. Fig. 5 b) shows the measured AE energy ratio against source-sensor distance for sensors S 2 to S 7 giving a damping coefficient k=1.3 with a correlation coefficient of 0.8.
Preliminary field test. Fig. 6 shows an example of the rms AE measured for a train passing the section of rail described in Fig. 1 . The rms averaging time was 2.5ms, and there are 20 wheels passing the sensor and 14 seconds of data is shown. There are groups of events in the measured data which could be associated with a wheel passing the sensor, but there are many other high amplitude spikes, particularly around 6 seconds, as well. 
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Acoustic Emission Testing Fig. 6 . Measured RMS AE from field tests (one traction unit and 4 carriages passing)
The measured data seen in Fig. 6 were 'smoothed' using a 5 point moving average so that the envelope of the signal could be more clearly seen and the result is shown in Fig. 7 together with the time function calculated using Equation 1. It can be seen that there are generally 5 periods where the AE amplitude increases, associated with the passage of the traction unit followed by the sets of wheels on the bogeys at the ends of each of the 4 carriages. The peaks and dips in the measured and modeled results do not coincide exactly, and the time periods over which the larger measured signals occur are slightly longer than expected from the simple model. The model, however, can be regarded as an idealized signal where all wheels are equivalent and a comparison with the envelope of the measured RMS AE, can be used to highlight anomalies. For example, at around 6 seconds, the measured data is noticeably different to the calculation, suggesting that one or more wheels, at the back of the first carriage or the front of the second carriage are interacting differently with the rail, or perhaps that the carriages are bumping together. In this connection, it should also be noted that the speed of the train probably varied slightly during the 14 seconds measurement, and the inexact registration between the calculated and measured time functions could be used to adjust that data. Laboratory test. A set of measurements were carried out with the wheel rolling round the test rig at 2m/s and an example of the measured raw AE is shown in Fig. 8 a) where there is a sharp spike (at about 0.1 seconds) associated with the impact as the wheel rolls over the joint and a more general increase in amplitude as the wheel passes the sensor at about 1.1 seconds. As for the real rail, rms values were calculated and these are shown in Fig. 8 b) together with the results calculated using the model (V=2m/s, k=-0.57). A pulse has been added to the model calculation at about 0.1 seconds to represent the wheel impact at the joint, but its intensity is arbitrary. However, it can be seen that the measured and calculated amplitudes both slowly increase and then decrease as the wheel rolls past the sensor position, confirming the speed and attenuation measurements made with the pencil lead break tests. It is expected that the spikes in the signal will relate to features of the wheel and rail surface and that the background envelope will be more dependent on the wheel speed and load, although this has yet to be systematically investigated. Douglas et al. (2005) have found similar trends for piston ring/cylinder liner interaction in engines. Fig. 8 . Measured AE on test rig while wheel is rolling, a) raw AE, b) rms AE
Conclusion
Measurements of AE have been carried out in field tests and on a laboratory test rig. The measured AE is found to contain two main types of information relating to the spikes in the signals and the envelope of the signals. As a wheel rolls towards a sensor and then away from it the measured AE generally rises and falls in a predictable way, and measurements of wave speed and attenuation have been used to develop a simple model which represents an idealised version of the signal which assumes equal wheel signatures and constant forward speed. This model has been matched with both real and laboratory rail-wheel studies, and can be used as a framework for detailed analysis of the signals, removing some of the differences in propagation between the real and laboratory situations.
It appears that wheel signatures will have a background level, perhaps related to contact force and rolling speed, with some superimposed features which, it is hoped, will be characteristic of the wheel-rail contact condition. These aspects of the rail-wheel interaction will be studied in future work on the test rig where relevant parameters can be controlled and faults introduced.
